Abstract 1 Achilles tendinopathy is ten-times more 2 common amongst running athletes compared 3 to age-matched peers. Load induced tendon 4 remodeling and its progression in an at-risk 5 population of developing symptomatic 6 tendinopathy is not well understood. The 7 purpose of this study was to prospectively 8 characterize Achilles and patellar tendon 9 structure in competitive collegiate distance 1 0 runners over different competitive seasons 1 1 using quantitative ultrasound imaging.
The purpose of this study was to prospectively Previous studies have shown that trained Achilles tendons compared to age-matched 1 1 0 peers (11) but the structural response to 1 1 1 prolonged training is not well understood. We 1 1 2 hypothesized that Achilles tendon structure of 1 1 3 distance runners would be quantitatively 1 1 4 different compared to healthy-young controls 1 1 5 and remain so throughout the rigors of a 1 1 6 training season. Furthermore, should clinical 1 1 7 signs of tendinopathy develop, we expected to 1 1 8 detect tendon structure changes associated 1 1 9 with tendinopathy including: increased increased echogenicity (34) . We also 1 2 2 quantified patellar tendon structure as a 1 2 3 'control' tendon, which does not tend to 1 2 4 become tendinopathic in distance runners at 1 2 5 increased rates compared to the general 1 2 6 population. Understanding tendon remodeling 1 2 7 in response to prolonged and changing 1 2 8 cyclical loads is critical to understanding how 1 2 9 tendon disorders progress. Height: 163 ± 7.32 cm; Weight: 59.1 ± 11.6 1 3 7 kg) provided written consent before 1 3 8 participating in this IRB approved study. 1 3 9 Runners were excluded from this study if they symptoms of Achilles tendinopathy prior to 1 4 5 participating in this study. Ultrasound images 1 4 6 and patient reported outcomes were acquired 1 4 7 from the runners at the following time points: 1 4 8 one week prior to start of formal collegiate 1 4 9 cross country practices (S1), one week after country season (S2), and one week prior to 1 5 2 2018 NCAA outdoor track and field 1 5 3 intercollegiate conference championships 1 5 4 (S3). Male and female athletes ran an average weekly mileage) or anaerobic based high clinical-outcome questionnaire specific to 1 7 6 Achilles tendon health (12) , was collected in 1 7 7 the runner group at each visit in order to 1 7 8 determine health and function Achilles tendon. Ultrasound images were acquired in Achilles or patellar tendon injuries or pain; therefore, we did not collect the VISA-A Image Acquisition 1 8 7 Ultrasound images of the mid-substance of 1 8 8 Achilles and patellar tendons were acquired planes. Images of the Achilles tendons were position off the end of the table. This position 1 9 4 has been used previously to normalize the 1 9 5 amount of tension in each subject's tendon 1 9 6 (31). Participants then sat on the treatment approximately 90 degrees of knee flexion) were also acquired at both the Achilles and indicator of tendon healing and pathology 2 1 7 (34) . All images were acquired by a single 2 1 8 investigator in all sessions and participants as a continuous video and saved as video files. Tendon structure was quantified using acquisition that clearly showed the mid- substance of the Achilles tendon was selected by the same investigator for all subjects across both imaging sessions. In order to prevent any potential analyses bias, all images were 2 2 9 selected and analyzed in a single session in scale from 0 to 3: ranging from normal (0) to 2 3 8 severe symptoms (3). Collagen alignment was quantified in the implemented through a custom-written 2 4 4 software that has previously been described and has strong intrarater reliability (10) . The banded appearance of tendon results from collagen fascicles appearing hyperechoic and 2 4 8 the noncollagenous matrix between the the tendon was measured as the point to point distance between the deep and superficial edges of the tendon. Tendon thickness was using open-source image processing software used to calculate collagen alignment (7) . Tendon alignment, thickness, and echogenicity were compared between the three study visits within the runner group and between the runner and control groups using a one-way analysis of variance (ANOVA,
SigmaStat 4.0, Systat Software, Inc). Normality (Shapiro-Wilk) and equal variance 2 9 3 (Brown-Forsythe) tests were performed on 2 9 4 each data set; and when these tests failed, 2 9 5 ANOVA based on ranks were performed. In 2 9 6 the event that differences between groups were greater than would be expected by multiple comparisons were performed. athlete to be removed from the standard analyses. Our prior work demonstrated that tendon CSD did not differ between the sexes 3 1 4 (11); therefore, we included runners of both 3 1 5 sexes in the same analyses. Achilles tendinopathy symptoms did not the study period, which was confirmed by testing session (Table 1 ). During the first session (S1) all runners were found to have qualitatively 'normal' structure. Following the 3 2 4 first competitive cycle (NCAA cross country season, S2) one runner was found to have 3 2 6 'mild neovascularization' under color doppler while all other subjects remained 'normal.' The final scanning session that followed the indoor and outdoor track and field seasons (S3) revealed that the Achilles tendon was improvement at the end of the track season compared to the start of the cross-country season (7% decrease in CSD). Mean echogenicity did not differ between the runners and controls or throughout the 3 5 4 competitive running seasons. Patellar tendon structure did not differ 3 5 6 between the controls and runners throughout the cross-country season, with the exception decrease in CSD) and tendon hypertrophy 3 6 3 (21% increase in thickness). These changes in 3 6 4 patellar tendon structure were accompanied by 3 6 5 a 32% increase in average echogenicity. Despite observing these structural changes in 3 6 7 the patellar tendon, a few solitary blood 3 6 8 vessels (Doppler score of 1) was only detected 3 6 9 in two runners. All other images of runner echogenicity (echogenicity score of 0) and no neovascularization (Doppler score of 0). Ultrasound measurements of tendon alignment 3 7 4 (CSD) negatively correlated with average tissue echogenicity for both the Achilles and 3 7 6 patellar tendons (Figure 2 , P < 0.001). The 3 7 7 Achilles tendon had fundamentally different 3 7 8 groupings of these ultrasound measurements 3 7 9 between the runners (R 2 = 0.251) and controls 3 8 0 (R 2 = 0.634), which was explained by the increased CSD values measured in the runners ( Figure 1 top left) . Conversely, the ultrasound measurements of the patellar tendon in the 3 8 4 controls and runners demonstrated overlap and 3 8 5 were therefore included in a single linear 3 8 6 regression model (R 2 = 0.318). Achilles tendon injuries are ten-times more 3 8 9 common amongst running athletes (16), but
the effects of continued and high-volume loading on tendon structure remains unclear. Using quantitative ultrasound imaging, we 3 9 3 established that trained-distance runners have 3 9 4 habituated Achilles tendons in which the 3 9 5 collagen alignment deviates less than 7% throughout a competitive season (Figure 1 ). It is important to note, that these changes were 3 9 8 not associated with any symptoms or effects another, suggesting that tendon structure is quantifying collagen alignment appears to have greater sensitivity to changes in tendon 4 1 0 structure and may be a preferable image processing technique for studying subtle changes to tendon structure in response to Sport specific tendon adaptations have been linked to tendon remodeling. Furthermore, these studies have been limited to short term alterations in activity levels within previously 4 5 4 healthy individuals. It is unclear if highly- trained distance runners maintain this 4 5 6 increased collagen synthesis given their 4 5 7 habituation to prolonged tendon loading. The also impacts tendon remodeling (1, 3 between long distance runners and sprinters 4 6 4 (2). To maximize the velocity-to-energy ratio, 4 6 5 trained runners increase tendon loading to in 4 6 6 order to efficiently store and return elastic 4 6 7 energy. For example, the metabolic cost of 4 6 8 distance running has been correlation with 4 6 9 smaller Achilles tendon moment arms, which
highlights the importance of increased tendon loading during running (22, 30) . Tendon habituation in response to prolonged 4 7 3 loading may serve as a protective mechanism 4 7 4 against overuse injuries. Achilles tendon habituation to sport-specific loading. However, these same runners underwent 5 3 8 quantitative structural changes of both the Achilles and patellar tendons following a These findings expand upon prior reports that 5 4 3 some degree of tendon remodeling may act as 5 4 4 a protective adaptation for sport specific structure of the Achilles or patellar tendons 5 4 7 are precursors of future tendon dysfunction; 5 4 8 however, the training rigors of highly-trained 5 4 9 distance runners at the collegiate level does tendon, and in fact may produce further process of tendon remodeling in both healthy 5 5 4 and pathologic mechanisms is essential to 5 5 5 improving diagnosis and treatment of tendon disorders. 0.09 ± 0.30 0 ± 0 0 ± 0 0 ± 0 Neovascularization (0 -3) 0 ± 0 0.05 ± 0.21 0 ± 0 0 ± 0 Figure 1 . Measures of Achilles tendon (top) and patellar tendon (bottom) circular standard deviation (left), mean echogenicity (middle), and tendon thickness (right) plotted for runners and controls. Runners have three time points corresponding with S1, S2, and S3. The measurement ranges (solid lines) and 95% CI for each group (dashed lines) for each group are plotted. Runners demonstrated reduced Achilles tendon alignment (28% increase in CSD) through S1 and S2 with a 7% improvement at S3. Runners had increased tendon hypertrophy (13% increase in thickness) compared to controls which remained stable. Patellar tendons were not significantly different from controls except at S3 which evealed 17% decrease in CSD, tendon hypertrophy (21% increase in thickness), and 32% increase in average echogenicity.
Figure 2.
Mean echogenicity was compared with circular standard deviation for runners and controls (top). There was negative correlation between mean echogenicity and circular standard deviation for the runners (P < 0.001). There was overlap between the runners and controls in the patellar tendon and thus a single regression model was used (bottom).
